We report a time-and wavelength multiplexing sensing network based on nearly identical ultraweak fiber Bragg gratings (FBGs). In the multiplexing scheme of the network, each wavelength channel is distinguished by time delays of the two probe laser lines, and every channel works as an optical time domain reflectometry, and the response of each FBG is represented by two delay pulses corresponding to the two laser lines. The Bragg wavelengths of the FBGs are interrogated by calculating the ratio of two peak power of returned laser lines. Compared with a conventional wavelength scanning system, the proposed system can achieve relatively high interrogation speed. A proof of concept experiment with nine FBGs, at three wavelength channels was demonstrated, and fast measurements for static strain were achieved, with the sensitivity around −0.0023 dB/με and dynamic range over 2500 με for three channels.
Introduction
Identical weak FBG based large scale sensing network has attracted great interests in quasidistributed area, such as temperature, strain and structural health monitoring because of its low cost, low crosstalk and strong multiplexity [1] , [2] . On-line grating writing system has been well developed in recent years, through which thousands of identical FBGs can be fabricated along a fiber [3] . Wavelength-division multiplexing (WDM) method and Time-division multiplexing (TDM) dominate application of the FBG sensing. A method using identical weak FBGs array called OTDR-FBG has been reported, in which different FBGs were distinguished by the reflected signal in time domain [4] , [5] . They used a tunable laser diode (TLD) as light source to scan the whole spectrum of FBGs, and a highspeed data acquisition device was applied. By scanning the main lobe of FBGs with a 0.03 nm increment, the spectrum of all FBGs along the fiber were reconstructed. However, due to the slow wavelength scanning speed of TLD, there was a tradeoff between interrogation time and precision. Several kinds of semiconductor optical amplifier (SOA) resonant cavity based TDM sensing network was proposed [6] - [8] . The multiplexity capacity was limited by the ratio of SOA's gain and reflectivity of FBGs. The intensity-based interrogation method has attracted great interest, because of its simplicity in TDM sensing system. However, intensity-based interrogation suffers from source power fluctuation and optical loss along the transmission fiber [9] .
A method based on shifted Gaussian filter was reported in [10] . By using differential detection technique, influence of power fluctuation can be well suppressed. However, low power spectrum density(PSD) of the ASE light source used in that method, restricts the multiplexing capability, sensing distance and dynamic range of the system. We demonstrate an intensity-based weak FBG interrogation system by using a dual-wavelength pulse laser source with programmable time delays, which fully eliminates the drawbacks mentioned above. The proposed method inherits the important features of differential detection technique, that is, natural insensitivity to power variations and propagation loss along the fiber. Different from tunable laser sweeping method, the proposed scheme just need two laser probe lines by taking full advantage of the Gaussian function of weak FBG spectrum, which can improve the interrogation speed significantly. By switching the laser lines to other wavelength channels, the sensor number can be further increased. Time delays can be set for different channels, thus we can distinguish channels by checking time domain signals. Furthermore, by injecting different laser lines with different time delay, slot efficiency was well improved, and interrogation speed will enhance greatly. In this work, two commercial low cost communication laser chips were directly driven by current to generate two probe pulses. The cost of the whole system is less than two thousand dollars, which is greatly deduced.
Sensing Concept

Dual-Wavelength Differential Detection Based Wavelength Interrogation
According to Fig. 1 , the FBG reflected power of the laser source on photodetector is proportional to the overlap integral of the spectrum density function of the laser source and the reflection spectrum of the fiber Bragg grating [3] 
where P (λ − λ l ) and R (λ) are the laser power spectrum and the FBG reflection spectrum, respectively. Considering that the linewidth of the laser source is much narrower than the FBG spectrum linewidth, the laser spectrum 'P' is assumed to be a delta function, and for weak gratings, it was suggested that the main lobe of the spectrum can be modeled as a Gaussian function [1] , [2] :
where R o , λ B and B g are sensing FBG's peak reflectivity, Bragg wavelength and full width at halfmaximum, respectively. Based on these two assumption, the reflected power can be expressed as:
where P (λ l ) is the laser power, and C(λ l ) describes the influences of the photoelectric conversion efficiency of the Photodetector and propagation loss. Thus, for a differential detection scheme, the power response of different laser line can be described as:
where λ 1 and λ 2 are the laser wavelength, C(λ 1 ) = C(λ 2 ). So by subtracting the two Gaussian functions in the log-domain, that is,10 log 10 (
), the measurement response of pulse power ratio (PPR(λ B )) can be obtained as:
where E = 10 log 10 (
) + (40 log 10 2)(
and F = (−80 log 10 2)(
2 ) are constant terms for each given case. As can be seen from Eq. (6), the differential result of weak FBG have an exactly linear response with respect to the Bragg wavelength. In addition, benefiting from the differential detection, the readout is immune to propagation loss. The sensitivity is proportional to the wavelength space λ 1 − λ 2 . Thus, the sensitivity can be easily changed by changing the spectrum spacing of two laser sources. From Fig. 1 , we can see that the measuring range rely on the wavelength setting. For the strain sensing applications, the probe wavelengths should be located in the long wavelength region of the main lobe to obtain larger measuring range. For the vibration applications, the probe wavelengths should be located in the peak wavelength region of the grating spectrum to ensure enough dynamic range.
Sensing Network Interrogation
Our dual-wavelength Differential detection based FBG interrogation system scheme is illustrated in Fig. 2 . The sensing network contains m sensing wavelength channels, and each channel has n identical weak FBGs. Light from a dual-wavelength pulse laser with programmable pulse width and delay time is launched into the sensing system. The reflected laser lines are received by the photodetector (PD) directly. A sampling oscilloscope is used to acquire the voltage signal from the PD.
Experiments
Experimental Setup
Our experimental system is depicted in Fig. 2 . A dual-wavelength pulse laser source was used to generate two pulses with tunable pulse width, programmable delay time and tunable wavelength. The wavelength channels of the laser source were chosen based on the ITU grid. There are two directly modulated laser in the source. the wavelength and pulse can be changed quickly, and the wavelength tuning range can cover the whole C band while the delay time of the two pluses ranges from 0 to 1200 ns. As can be seen from Fig. 3 . Three different delay time (40 ns, 60 ns, 80 ns) correspond to three different wavelength channels (1540 nm, 1545 nm, 1550 nm) used in this experiment. A probe laser train with 20 ns pulse width and 10 kHz repetition rate was generated and injected into the sensing network. Three identical cascaded FBGs were used in each channel. The 3 dB bandwidth of FBGs we used were nearly 1.5 nm, and reflectivity were less than 7%. The fiber separation between two neighboring grating were 15 m. A 1 GHz APD (new focus 1647) were used for detection, and a sampling oscilloscope (Tektronix CSA7404) was used to acquire data.
As shown in Fig. 3(a) -(c), the voltage within one pulse range shows considerable fluctuations. This is because the pulses are directly modulated by the drive current, the impulse waveform is natively not a standard square wave because of the fluctuation of driving current and the rising edge jitter. During the practical measurements, the pulse voltage was averaged in the whole pulse duration time.
In the experimental setup, different identical FBGs in the same channel was distinguished by different time delays of the laser source, and two different laser line was separated by the initial time delays between them. This system was work as an OTDR for the scene of FBGs, and for the probe pulses with different wavelength, they were sampling in the wavelength domain but quantized in time domain. As shown in Eq. 
Experimental Results
Channel switching can be executed electronically but manually in our experiment, considering that oscilloscope was used for data acquisition. FBG 12 , FBG 21 and FBG 33 were glued to micrometric translation stage. Axial strains were applied to these FBGs. The stage has a resolution of 10 um. The reflection spectrum along each channel is shown by the left three inserts in Fig. 4 . The red curves represent the spectrum under strains, which corresponds to the three right inserts that showed the reflected power changing. The sampling time was 800 ns, and the measurement of any sensing channel was averaged 250 times. Thus the sensing time was nearly 200 μs for each channel. The relationship between the power substrate I r (λ 1 ) − I r (λ 2 ) and the strain is shown in Fig. 5 . The blue, orange and gray plots represent the first, second, and third FBG in each channel, respectively. While strain was applied to FBG, the center wavelength will increase proportionally. In the meantime, the PPR(λ B ) decreases linearly according to Eq. (6). As can be seen from the linear curve fitting results, the sensitivity of FBG 12 , FBG 21 , FBG 33 was around −0.0023 dB/με, −0.0023 dB/με and −0.0021 dB/με, and linear sensing range of 2800 με, 3000 με and 2500 με was obtained, respectively. As is shown in Eq. (6), the sensitivity and linear range can be changed easily by utilizing different laser lines, and there was a tradeoff between sensitivity and linear range. By bending the fiber before laser lines injecting to the system, and comparing the responses between insert (a) and insert (d), we proved that the sensing system was immunity to propagation loss along the fiber.
Moreover, the nonlinear curve with the strain applied FBG was caused by the inaccuracy of the applied strains and the environmental temperature drift. As for the fluctuate horizontal line with the non-strain applied FBGs, that is mainly caused by the crosstalk. While strains were applied to FBG 21 , the change of transmission loss for the two probe wavelengths are different. The power difference results for FBG 22 and FBG 23 show a rising trend. However, the power difference results for FBG 31 and FBG 32 are nearly constant while strain was applied to the last sensor FBG 33 in the channel.
Crosstalk
Assuming N identical weak FBGs was fabricated along a fiber, the reflected power from the ith (i = 1,2, . . . ,N) FBG with laser line injection can be approximated from [11] , [12] : where P (λ l ) and R (λ l ) are the laser source power and spectrum reflectivity of the FBG, respectively. A returned power of each FBG in a 2000 FBG array was simulated, and the results of different reflectivity ranging from −30 dB to −50 dB was shown in Fig. 6 . If the reflectivity is relatively high, the returned signal from the rear FBGs will be too low for detection. But when Rm is −50 dB, the returned power from the 2000th FBG is nearly the same as the first one. In addition, the returned power form a special FBG in the array will be influenced by every FBG in front of it. For a large scale identical weak FBG sensing system, a correction is necessary for intensity based interrogation. In our experiment, for the ith FBG, the initial PPR, that is E in Eq. (6), decreases dramatically with i because of the FBG's reflectivity we used was 7%, relatively high. Another crosstalk named multiple reflections could induce an inevitable error in TDM sensing systems. But for an ultraweak identical FBG array, the crosstalk was negligible [12] .
Conclusion
We report a multi-wavelength channel weak FBG sensing network based on dual ports delayed pulses. interrogation of each FBG was achieved by calculating the ratio of reflected power of two probe laser lines. By theoretical analysis, when the reflectivity is about −35 dB, at least 2000 FBGs can be multiplexed in one channel, combined with WDM technique, that is switch wavelength channel in our system, the capability can be enhanced greatly. A proof of concept experiment with nine FBGs allocated to three wavelength channels has been demonstrated for fast static strain interrogation, with the sensitivity around −0.0023 dB/με, and dynamic range of over 2500 με for three channels, respectively.
